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Ultra l~inc-Scale Structure in the Inner Corona

Richard Woo

Jet Propulsion l.aboroatory, California lnstitutc  of Tec}mology, Pasadena, CA 91 I 09

One of the most striking images of the solar corona is that of the total

eclipse  of 30 June 19’73,  cnbancccl  to reveal a wealth and variety of ray-like

structures. l Radio scattering and scintillation mcasurcmcnts  have been

combinccl  to show that the smallest ray-like structure within coronal holes

consists of flux tubes  -10-3 arcscc (1 km) at the Sun –- tbrce orclcrs of

magnitude smal]cr  than the smallest filamentary structure seen so far in

measurements by X-rays, EUV, UV, and white-light.2-5 ]Cvcn smaller flux

tubes pervade coronal streamers. Across the flux tubes the ray-like density

structure has a spectrum that is inverse power-law with a spectral index of

approximately 5/3 (Kolmogorov),  while the spectrum of the turlndencc

inside the flux tubes is substantially flatter, with a spectral index near one.

Confirmation of the ubiquitous ultra fine-scale coronal structure improves

our understanding of the origin and evolution of interplanetary

fluctuations, and makes it possible to investigate the role of srnall-scale

coronal structure in beating and acceleration of the solar wind.

Radio observations based on scattering from electl  on density fluctuations, e.g., angular

broadening, intcnsit y scinli]lation,  phase/Doppler stint illation, and spectral broadening,

have served as an invaluable source of information on small-scale electron density

fluc[uat ions in the solar corona.  ~-g These fluctuations have general Iy been thought to

represent random  irregularities convected along the solar wind. 1 Iowcvcr, imaging by X-

rays, F.lJV, UV, and white-light have shown ray-like structure down to several arcscc

scales at the Sun,2- 5 and recent Doppler scintillation measurements of a coronal streamer

during successive solar rotations have reinforced this picture by showing long-lived
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filamentary structure ranging from 1 arcmin to 1 arcscc  scales and suggesting extension to

sub-arcsec scales (R. Woo et al. submitted to Ap. J. Lctt.).

Angu]ar  broadening is the only radio scattering measurement that can image the coronal

electron density scatterers in the plane of the sky. The car]icst radio intcrferomctric

mcasurcmcnts  in the 1950s already observed scattcrjng anisotropy  that increased with

decreasing radial distance, a result that was interpreted as being causccl by irrc.gu]aritics

aligned along the magnetic field and representing ~]lanwntary  s[ructurc similar to the visible

p] Lmlcs  seen in eclipse pictures. 10- ] ] Later obscrvatio]ls  conf]rmed this, ]2-15 while more

rcccnt measurements with the longer baselines of the N ationa] Radio Astronomy

observatory”s Very Large Array (VLA) have found that an isotropy :ilso rises with

increasing interferometer baselines (up to 35 km) I ~- I ‘~,

1.ike the larger ray-like structures observed in white-light, ] the smallest filamentary

structure is approximated in Figure 1 by a radially cxptinding flux tube. ‘lTypical 1/c level

contours of tbc spatial electric field correlation observed by the radio intcrfcromctric

measurements arc drawn to illustrate that it is the size of the flux tube that limits the

correlation distance transverse to the magnetic field, leading to the increase in observed

anisotropy.  ‘l’he rise in anisotropy with decreasing radial distance or increasing

interferometer baseline is hcncc a consequence of the ~ rowth of the size of the imaging area

relative to the size of the flLlx tube. This means that when high anisolropics  are observed,

twice the correlation distance in the transverse dircctiol] would bc an :ipproximatc  measure

of the flux tube si~,c.  Flux tube sizes based on the 1985 VLA measurements of Armstrong

et al. inside 101<0 for which axial ratios (l/c lCVCI  of electric field correlation parallel to the

tnagnctic  field over that transverse to the magnetic field) of four and greater were observed

arc displayed in Figure  2. The composite Solar Maxi]num Mission coronagraph  picture

reproduced from Armstrong ct al. 17 in Figure 3, as well as the Mauna 1.oa coronagraph

measurements during Barrington Rotation 176718, show that the cast limb measurements

took place over a polar coronal hole region. ‘J’hc results in Figure 2 show that the flux tube
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isapproxilllatcly  2kllla(  2Ro, whic}~wlleI]  extrapolated  tothc S~l Ilis 1 knl(-10-~  arcsec)

with an angular size of 0.3” in heliographic coordinates.

The flux tube would bc obscrveci  in scintillation measurements off the limb over a

pcriocl  of 0.5 scc (0.3” at the Sun’s rotation rate.). CorI oborating  cvidcncc  for the flux tube

intcrprc(ation  comes from the break or inflection in the density spectrum at 5 R. shown in

l~igurc  4, indicating a clistinct  change in the nature of t}]e density fluctuations in the vicinity

of the fluctuation frequency corresponding to 0.5 scc - – 2 Hz,. 19--2O l~or fluctuations

slower than 2117, and rcprcscnting  the cmwtating spatial structure, t}lc density spectrum is

inverse power-law and Kolmogorov  (one-dimensional spectral inclcx (x = 5/3), a spectrum

that has been cxp]aincd  by some theoretical investi~ations.  zl- 22 lor the turbulence within

the flux tubes represented by fluctuations faster than 2 Hz, it is also inverse power-law but

flatter (CX - 1), a result that is consistent with the density spectrum deduced from the VLA

angular brmidcning  measurements 17. C.orrcsponding  flux t ubc sizes dccluccd  from the

breaks in density spectra at 5, 10 and 20 R019 in Figu] c 4 arc displayed in Figure 2

showing good agrccmcnt with the VI ,A angular scattering results.

There is further consistency in the flux tube inttxp ctation based on the dcpcndcnce  of

al]gular  scattering, spectral  broadening, and phase scintillation measurements on the source

region at the SLm. Angu]ar  broadening measurements show an -50% increase in

anisot ropy from solar minimum to solar maximum, 14 imp] ying that during solar maximum,

when the corona is dominated by streamers and slow wind flow, the flux tubes are smaller.

This is in agrccmcnt  with the steepening of the density spectrum int’erred from both spectral

broadening an(l phase scintillation measurements during enhancements in scintillation20

caused by coronal streamers and slow flow,23 indicating a shifl by a factor of 2-3 in the

break of the spectrum towards a higher frequency (shcrter time scalc),20 and hcncc a

smaller flux tube. Thus, in the slow solar wine{ where the density fluctuations arc

high,23- 24 flux tubes arc at least a factor of 2-3 smaller than the -103 arcscc dcduccd in

the coronal ho]c region.
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The spatial structure in the fmt wind evolves quickly with increasing heliocentric

distance, presumably because of lateral interaction of the flux tubes, as evidenced by the

rapid growth in the 10 nli~) to 5 hr time-sca]c density fluctuations2d and the shift of the

break in density spectrum to lower fluctuating frequencies observed by both scintillation

and in situ nlcasurenlcnts.2s-  26 By 0.4 AU, the break in density spectrum has moved to

about 3 x 10-41 IZ (-1 }w), indicating growth of the flux tubes to angular scales of 0.5°,

consistent with the in situ observations of such structures in radially aligned

mcasurcmcnt  s.zT Smaller filanmntar-y  struct urc in the slow wi ncl associated with coronal

streamers survives to larger heliocentric distances than in the fast wind, as manifested in the

Doppler scintillation measurements of coronal strcamcls mentioned ciirlicr,  the

pcrscvcrancc  of t hc Kolmogorov  dcnsit y spectrum with increasing radial distancc,2~--26  and

the cndurancc  of the high-frequency break (smaller flux tube) in the density spcctrunl.26

Bccausc  of solar rotation, scintillation measurements cannot observe density irregularity

scales greater than a few hundrcc] km (solar wind speed x 0.5 SCC)  inside. and along onc

flux tube. investigation of the larger scales is possible only throus,h imaging with angular

broadening measurements using baselines longer than that of the VLA.28 Rcccnt Very

1.ong Baseline Array (VLBA) measurements of spatial scales in the 200-2000 km range did

not distinguish baselines parallel (for which the spectral index a-1 ) and perpendicular

(a=5/3)  to the magnetic field, but found a spectrum thtit  was flatter than Kolmogorov  at the

shorter scales, suggesting that irrregularitics  along the flux tube were probably being

obscrvcd,z~ The degree of aniosotropy  appeared to bc lower with the VJ .BA than the VLA

~]~cas~]rc]llc~lts,2~  which may be due to a rise in the electric field correlation in the trmsvcrsc

direction between flux tubes (as opposed to within) as the number of flux tubes is

incrcascd.  Furlher  studies based on VLBA measurements will clear] y be useful.

The existence of corotating  anisotropic  structure means that velocity estimates based on

multiple-station intensity scintillation rncasurements  of fluctuation frcqucncics  slower than

about 2117 arc affected by anisotropy. Since random velocity and anisotropy produce
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similar effects on intensity scintillation,~@~z  the conclusion that there is a turbulent

(random velocity) envelope surrounding the Sun inside 15 R. based on ccntimctcr

wavelength nlcasurcmcnts~@  33 may bc a rcfiect ion of anisotmpy  insfe.ad.  Meter wavc-

]cngth multiple-station intensity scintillation measurements beyond ().3 AlJ~4 -?’5 arc not

affcctcd bccausc  the flux tube size is larger there and the density fluctutiticms  inside the flux

tube arc CIOSC to isotropic.~6 That phase scintillation slid faraday rotatio?] fluctuations over

21 Iz arc c:iuscd by corotating  structures as well  as large-scale irrc:u]aritics convected along

the solar wind is probably onc of the reasons that multiple-station ph;tsc scintillation

mcasurcmcnts C1O not always behave as cxpcctcd~7  and that rnult iplc- st at ion faraday rotation

mcasurcmcnts sometimes yield negative flow velocities.~~

I;or over four dccadcs,  a wide variety of high-rcso]uticm spatial and temporal raclio

scattering and scintillation measurements have been used to probe the solar corona. q’hc

picture of an inner corona pcrmcatcd by corotat ing filalnentary  fine structure unifies our

understanding of these diverse but complementary mcasurcmcnts  md explains observed

features that until now have not been understood. It also confirms early ideas about the

corona] structurc,39q2 and shccls  light on the nature oi the compressive fluctuations

observed beyond the corona.2’  - 22’25-26’4347 The ultra fine-scale structure clearly

rcprcscnts  the coronal extension of the smallest solar n ]agnetic  flux [ubcs that have been

investigated thcorctically48q9  but not observed duc 10 lack of spatial rcsolutionso.  ~’hat  the

inner corona comprises pressure-balancecl structures n leans that t]lc rcsLIlts  from radio

scat[cring  mcasurcmcnts  can address the important question of the role of small-scale

clcnsit  y and magnetic structure in coronal heating and acceleration of the solar wind.
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F1GlJR13 CAPI’1ONS

Figure 1 Schematic to illustrate how the flux tube g,eolnetly  lcacls  to scattering anisotropy

observed by radio intcrfcromctric  observations. The e] lipses rcprcsellt  the 1 /c contour

levels of the observed electric field correlation. The upper picture depicting the VLA

mcasurcmcnts  shows that the 35–knl  baseline (hence probing the 1-35 km scale size range)

is long eno~lgh  to reach Ihe boundary of the flux tube al 10 R. lcarlin~  to an axial ratio of

four obscrvccl  there. 17 Nearer the Sun, where the radial 1 y expanding flux tube is smaller,

the baseline rcachcs ihc boundary sooner so tha[ a higher axial ratio of 16 is observed near

2 R017. The lower picture, rcprcscnting  the 2-km baseline Culgoom  nlcasuren~cnts14  that

probe 0.2–2 km, shows that at a given distance anisotrt)py  is lower in shorlcr  baseline

measurements bccausc the measurements do not probe as C1OSC to the boundary of the flux

tube. ThL]s, bctwccn  5-10 R. the axial ratio of the VLA mcasurcmcnts  is 6.8 while that for

the Culgoora  nlcasurcmcnts  2.3. I 7

I;igurc 2 F’lux tube size as determined by [wicc the nlil~or axis of the 1/c contour levels of

the observed electric field correlation of the 1985 VLA angulal  broadening

mcasurcmcnts.  ~ T FILIx tube sizes corresponding to the breaks in t}le density spectra

inferreci  from phase scintillation and spectral broadening mcasurcmcnts  at 5, 10, an(i 20 R.

in Figure 4 ] 9 arc also shown. By extrapolating to the Sun assuming radial expansion, the

2 R. mcasurcmcnts  give a flux tube size of 1 km. ‘l’he measurements beyond 5 R. may bc

suggesting departure from radial expansion and erosion  of the flux tube. When

cxtrapo]atcd  back to the Sun assuming radial expansion, these mcasurcmcnts  still yield flux

tube sizes smal lcr than 5 km.

Figure 3 Composite white-light coronagraph picture lakcn by the Solar h4axinmnl  Mission

in car] y 1985 October and reproduced from Armstrong et al. 17 3’IIc VLA mcasurcmcnts in

l;igure 2 correspond to the symbols off the east limb over the north polar coronal hole
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region. The drawn lines indicate axial ratio and orientation of the major axis of the

scattering irregularities and hcncc direction of the map,netic field. The measurements are

not radially alignccl,  and the magnetic field direction, mpccially inside 3 Ro, is not radial

but inclined towards the equator, similar to the ray strllcturcs of polar coronal hole regions

observed in cclipsc  pictures. 1

Figure 4 Moclcl  spatial spectra of electron density spectra at 5, 10, find 20 R. based on

radio stint illation  and scat [crin.g measurements (mainly spectra] broadening and phase

scintillation) and reproduced from ref. 19. These spectra apply to transient-free conditions,

and hcncc the fmt windz:+.  The spatial spectra can bc convcrtcd  back to the original

temporal spectra through multiplication by the original 1 y assumed solar wind speeds (165,

200 and 356 kn~/s for 5, 10, and 20 Ro, respectively). 19 The corresponding frequencies of

the vcr[ical  tics arc shown, marking the scpartition between the Kolmogorov  spectra at

lower frcqucncics  — characterizing the flux tube struc[urc — and the flat[cr spectra at

higher frcqucncics with inner scale cutoffs —- describing the turbulent structure within the

flux tubes.
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